Abstract. Somatic embryogenesis of Nigella sativa was investigated with the objective of inducing and isolating somatic embryos for biosynthetic studies. Callus cultures were initiated from leaf, stem, and root explants of axenic seedlings on MSB5 basal medium supplemented with kinetin (0.46 µM) and 2,4-D (4.5 or 13.5 µM) or NAA (5.4 or 16.2 µM) in the dark. Cultures initiated and subcultured on medium containing NAA produced friable callus with numerous roots regardless of explant type. Cultures initiated, subcultured, or both, on medium with low 2,4-D concentration produced shiny embryogenic masses. These cultures differentiated into somatic embryos on medium containing NAA. The embryos developed into leafy structures on basal medium devoid of growth regulators. When the embryogenic callus was transferred to liquid medium containing NAA, numerous embryos and clusters of embryos were released into the liquid medium but, in contrast to solid medium, development remained arrested at the early embryonic stages.
control coughs and asthma, as an anthelmintic, and as an appetite stimulant (El-Dakhakhny, 1963) . The seed also exhibits antioxidant, antimicrobial, antiinflammatory, and immunostimulant activities (Shah et al, 1988; Houghton et al, 1995) . The active constituents include primarily the volatile oil components, particularly thymoquinone, p-cymene and α-pinene (Houghton et al, 1995; Al-Ajmi, 1999) .
Studies of N. sativa in vitro cultures have dealt mainly with establishment of cell cultures from various explants, nuclear cytology, differentiation, and propagation (Schmauder and Doebel, 1991) . Cultures of Nigella spp. (2n =12) provided an excellent system for karyological studies due to the relatively large size of chromosomes (Gupta, 1972) . Banerjee and Gupta (1975 a,b; 1976) induced somatic embryogenesis and regenerated plants from an Indian variety of N. sativa. In vitro propagation of N. sativa was also reported from axilliary (1/2 MS) (Murashige and Skoog, 1962) supplemented with 3% sucrose. More than 50% seed germination was recorded after 2 weeks.
Induction of callus cultures. Leaf, stem, and root explants were taken from 1-month-old axenic seedlings (≈100 mm long). Sections of the explants were cultured on agar solidified (0.8% bactoagar) medium containing MSB5 as basal medium [the inorganic salts of Murashige and Skoog (1962) and (B5) vitamins (Gamborgʼs et al., 1968) ], with 0.09 M sucrose, 0.46 µM kinetin (K), and 4.5 or 13.5 µM of 2,4-D, or 5.4 or 16.2 µM NAA. The medium was autoclaved for 15 min. at 121 °C and 20 psi. Partially cooled medium (60 to 80 °C) was distributed into sterile plastic petri dishes (90 × 15 mm), 20 mL per dish. At least five explants were cultured per dish with 5-10 dishes per treatment (n = 25-50). Cultures were kept in dark at 24 ± 2 °C for callus induction and later transferred to light for growth and morphogenesis in a walk-in culture room maintained at a 16-h photoperiod from coolwhite fluorescent tubes (80 µmol·m
). The experiment was repeated at least once.
Induction of somatic embryogenesis. Induction of somatic embryogenesis was attempted with callus induced on 2,4-D (4.5 µM) containing medium after three subcultures in the dark (4 weeks each). This callus was subjected to three treatments:
A. Callus was subcultured on agar-solidified MSB5 medium containing NAA (5.4 µM) for two subcultures in the light and then transferred to similar medium containing high NAA (16.2 µM).
B. Callus was transferred to liquid MSB5 with reduced 2,4-D (2.26 µM) for two subcultures and then plated on solid MSB5 containing NAA (16.2 µM).
C. Callus maintained as in treatment A for several subcultures, was transferred to liquid MSB5 containing NAA (16.2 µM) in flasks (100 mL/500-mL flask). The flasks were placed on a rotary shaker maintained at 100 rpm and subcultured every 3 weeks.
All cultures were observed and examined weekly for embryogenesis and photomicrographs taken. The frequency of somatic embryogenesis in cultures grown on solid medium was estimated by counting the number of embryogenic clusters per callus clump per plate after the eighth subculture. The mean values were recorded together with the percentage of shoots formed per callus clump. The frequency of embryogenesis in liquid medium was estimated by counting the number of embryogenic clusters per flask after separation from suspension culture.
The cultures of the arrested embryos (treatment C) were analysed for the production of the active constituents of N. sativa oil, normally produced by the seeds (Al-Ajmi, 1999) .
Statistical analysis. A completely randomized design was used in this experiment with at least six petri dishes and four flasks as replicates. The data involving the two cultivars (Ethiopian and Qassimi) and the two treatments (A and C), was treated as a 2 × 2 (Kumar and Roy, 1996) . In these studies, the biosynthetic capacity of N. sativa cultures was not reported. However, Schmauder and Doebel (1991) reported on the biosynthetic capacity of cell cultures of N. damascena, but formation of volatile oil components was not achieved. Because seed of N. sativa is the organ of interest, it is conceivable that embryos are linked to the biosynthetic process of active product(s). Thus, somatic embryogenesis was reinvestigated with the objective of inducing and isolating somatic embryos prior to germination and plant development for biosynthetic studies. This report describes a protocol optimized for the induction and interruption of development of somatic embryos from callus cultures of two widely used cultivars of N. sativa. The somatic embryos arrested at initial stages of development were tested for the production of the active constituents of N. sativa oil.
Materials and Methods
Plant material. Seeds of two cultivars of N. sativa, Ethiopian and Qassimi (Qassim is a region in the center of Saudi Arabia), were purchased from the local market in Riyadh in 1997. The seeds were surface sterilized by soaking in 70% ethanol for 2-3 min., followed by washing 3× with sterile double-distilled water and soaking again in 30% sodium hypochlorite (14% chlorine) and final washing 3× with sterile water. The sterilized seeds were grown on sterile Heller-support filter paper dipped in liquid half strength Murashige and Skoogʼs basal medium 
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factorial with two levels each ( Table 1 ). The effect of the three treatments (A, B, and C) was tested for the Qassimi cultivar, and treated as one factor experiment at three levels ( Table  2 ). The data were subjected to analysis of variance (ANOVA) procedures (Hicks, 1973) , and analyzed with the general linear model of SPSS (Version 10, Software Release 10.01 (Oct. 1999), SPPS Inc., Chicago).
Results and Discussion
Induction of Callus cultures. Leaf, stem, and root explants of the two N. sativa cultivars, began to form callus after 4 weeks of culture in the dark. Both growth regulators supported callus induction after 6 weeks, but a higher percentage was achieved on NAA containing medium. The callus induced on NAA containing medium (5.4 or 16.2 µM) produced multiple roots from various explants. The process of root formation in such callus was noted in earlier studies (Banerjee and Gupta, 1975a) . The roots multiplied and elongated in liquid medium devoid of growth regulators and turned green when transferred to light. When NAA induced callus was subcultured on 2,4-D containing medium, the process of rhizogenesis ceased.
Somatic embryogenesis. Somatic embryogenesis could not be achieved in callus initially induced on NAA containing medium. However, transfer of callus initially induced and maintained for three subcultures on 2,4-D (4.5 µM) containing medium in the dark to a medium supplemented with NAA (5.4 µM) for two subcultures resulted in the formation of white-to-yellow leaf-like structures originating within the callus tissues. Further transfer of these tissues to medium with higher NAA (16.2 µM) in the light (treatment A), resulted in the formation of white creamy embryogenic clusters embedded in the callus mass. Microscopic examination of the 8th-10th subcultures on similar medium revealed various stages of embryo development in the same callus clump. The embryos occurred in clusters of 2-6 white creamy or yellow globular and heart-shaped embryos attached together (Fig. 1, a and b) . Some of the embryos developed into torpedoshaped and cotyledonary embryos on the same medium (Fig. 1, c and d) . Germination or complete plantlet formation was not observed. However, the cotyledonary embryos developed into elongated green leaves on MSB5 medium without radical formation. In comparison, Banerjee and Gupta (1975b; 1976) reported maturation and germination of N. sativa embryoids on MS medium supplemented with IAA and casein hydrolysate.
The formation of embryos in clusters and their asynchronous development made it difficult to accurately estimate the frequency of embryogenesis. Therefore, the counts of embryogenic clusters and embryos with developed green cotyledonary leaves were done separately. The Ethiopian cultivar callus resulted in the highest frequency of embryogenic clusters per petri dish (37.7) and per callus clump (5.4), than the Qassimi cultivar callus (21.3 and 3.0, respectively) on treatment A (Table 1) . However, the Qassimi cultivar callus formed more cotyledonary embryos (28%) than the Ethiopian cultivar callus (19.5%) under the same conditions. The Qassimi cultivar callus also formed more developed embryos (66%) when grown on treatment B, but with lower embryogenic frequency per petri dish and per callus clump (Table 2 ) as compared to treatment A, indicating an inverse relationship between embryogenic frequency and development of embryos. In comparison, Liu et al (2002) reported that plating of embryogenic suspension cultures of coriander initially induced on 2,4-D containing MS medium, onto basal medium supplemented with inorganic nitrogen and a lower concentration of 2,4-D enhanced the frequency of both somatic embryogenesis and development of embryos into plantlets.
Enhancement of somatic embryogenesis and interruption of embryo development in the two cultivars occurred when the embryogenic callus clumps that were maintained on treatment A for several subcultures, were transferred to liquid medium of similar composition i.e. (treatment C). This resulted in the release of whitish or creamy embryogenic clusters 3 weeks after transfer to the liquid medium (Fig. 1e) . The clusters appeared separated from the original callus clumps and freely suspended in the medium. None of the embryos within these clusters germinated or developed beyond the globular or heart-shaped stages even after prolonged subcultures in the liquid medium. Somatic embryogenesis and germination of somatic embryos of N. sativa cultures was reported to occur in hormone-free liquid MS medium supplemented with L-glutamine (Kumar and Roy, 1996) . In comparison, somatic embryos of Malva sp. developed into heart-and torpedoshaped forms on MS medium supplemented with NAA and BA, but failed to germinate on this medium or on a medium devoid of growth regulators (Kintzios, 2002) .
Analysis of the data for embryogenic frequency in the two cultivars with respect to treatments A and C, revealed significant differences between cultivar treatments (Table 1) . The highest embryogenic frequency was obtained with the Ethiopian cultivar under treatment C. Significant differences between the treatments were also obtained with the Qassimi cultivar cultures (Table 2 ). Treatment C again gave significantly higher embryogenic frequency than treatments A and B. However, treatment A did not differ significantly from B using the least significance difference (LSD) test.
In this study, the proliferation of embryogenic clusters in N. sativa continued through subculture 20 (4 weeks each) on solid MSB5 using treatment A, compared to subculture 8 in an earlier report (Banerjee and Gupta, 1976) . Transfer of embryogenic callus clumps to liquid-medium (treatment C), resulted in increased number of embryogenic clusters and prevented their asynchronous development. Kumar and Roy (1996) reported increased somatic embryogenesis in N. sativa in liquid MS medium supplemented with glutamine, compared to similar solid medium. The use of liquid cultures (batch or bioreactors) has been suggested for synchronous and mass proliferation of somatic embryos in carrot and nerine (Osuga and Komamine, 1994; Lilien-Kipnis et al., 1994; Onishi et al., 1994) and is needed for biosynthetic studies and automation (Redenbaugh et al., 1991; Vasil, 1994) .
The above-mentioned results indicate the importance of the primary culture, particu- 
Treatments: A = callus induced on 2,4-D (4.5 µM), subcultured and maintained on solidified MSB5 medium containing NAA (16.2 µM) in the light; C = callus maintained on protocol A for several subcultures, then transferred to liquid MSB5containing (NAA 16.2 µM) in flasks and shaken at 100 rpm. y Means of at least six culture dishes with an average of seven callus clumps per dish for the agar solidified medium, and four flasks for the liquid medium.
x Mean separation within column by least significant difference, P ≤ 0.05. larly the type of auxin used, on subsequent morphogenetic events (Ammirato, 1983) . Thus, the auxin 2,4-D was found essential for the induction of pre-embryogenic cells, but subsequent development required NAA. This is quite similar to what was reported in celery (Nadel, et al., 1989) and in Brassica nigra (Mehta et al., 1993) . Analysis of the extracts from developmentally arrested embryos revealed the presence of α-pinene, a major component and one of the active principles of N. sativa volatile oil, together with traces of thymoquinone, the main active principle of N. sativa (Houghton et al, 1995; Al-Ajmi, 1999) . These results indicate a correlation between differentiation and secondary product formation observed with other plant tissue cultures (Sierra et al, 1991; Van Geldre et al, 1997; Kintzios, 2002) .
In the present study, a protocol for the induction and enhancement of somatic embryogenesis in Nigella sativa is reported. Such protocol may be manipulated and optimized to allow normal embryo development for propagation or to arrest normal development for biosynthetic studies or for production of synthetic seeds.
